In this paper, a single-layer wideband differential-fed microstrip patch antenna (DMPA) with complementary split-ring resonators (CSRRs) loaded is proposed. First, a quarter-wave microstrip-line resonator is introduced as a capacitive coupling feeding structure which can generate a non-radiative resonant mode. Second, a set of rectangular parasitic patches is loaded co-planarly along the non-radiative edges of the DMPA. Thus, a parasitic radiative mode at the high side of the operation band is added. Meanwhile, with this arrangement, the field distribution of the DMPA has also changed, and a radiation null at high band edge is formed. Then, a pair of CSRRs is etched on the ground beneath the feeding lines, which has compensated the mismatched impedance of the DMAP at the low side of the operation band. As a result, the low-frequency bandwidth is significantly increased. Finally, the proposed antenna is fabricated and measured, and the measured results are in good agreement with the simulation ones. The measured bandwidth of the proposed antenna is ranged from 5.35 GHz to 7 GHz (about 26.7%) while keeping a low profile of 0.051λ (λ is the free-space wavelength at the center frequency) without any air gaps. Besides, the broadside gain is from 7.7 dBi to 10.7 dBi.
I. INTRODUCTION
With the development of modern wireless communication, the microstrip patch antenna has been widely used because of its compact structure, low profile, and easy integration [1] . Recently, there have been many reports on various differential-fed antennas, among which differential-fed microstrip patch antenna (DMPA) accounts for a large proportion. However, traditional DMPA has a narrow impedance bandwidth of typically 5% [2] .
Many techniques for bandwidth expansion have been proposed. Firstly, since the DMPA inherently has a high-Q factor, it is the most direct way to expand the bandwidth by using The associate editor coordinating the review of this manuscript and approving it for publication was Kai Lu. a thick dielectric substrate with low dielectric constants [3] . As reported in [4] , a DMPA with a substrate thickness of 0.07λ (λ is the free-space wavelength at the center frequency) achieved a bandwidth of about 9.3%. However, with the increase of the thickness of the substrate, surface waves will be excited and seriously affect the performance of the antenna. Secondly, although parasitic patch loading technology has been proposed for decades, it is still crucial in modern antenna design. A parasitic element can be mounted vertically or co-planarly. A DMPA with a rectangular parasitic patch vertically loaded is proposed in [5] , the impedance bandwidth is expanded to 18.75%. However, due to the stacked mounting, the profile of the antenna may be seriously increased. To avoid this situation, as shown in [6] - [8] , rectangular and triangular patches are loaded co-planarly, and VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ the bandwidth reached 27.3%, 17.4%, and 17%, respectively. However, the parasitic elements cannot be loaded infinitely, so its improvement of bandwidth is relatively limited. Thirdly, simultaneously exciting multiple modes of DMPAs is quite popular in these days [9] - [13] . Among [9] - [13] , the maximum bandwidth is 15.2% [11] . However, due to a limited number of odd modes of DMPA, and their resonant frequencies are far apart, it is challenging to integrate three or more odd-modes into one band. Besides, the even-modes have a radiation null in broadside. Thus, how to effectively suppress the even-order modes is also a problem. A DMPA is often fed by a microstrip line or a coaxial probe which also limits its bandwidth. However, the coupling feeding structures could effectively remedy it. The L-plate and parallel probes feeding structure used in [14] and [15] expanded the impedance bandwidth to 115% and 34.5%. Nevertheless, it is regrettable that both of them have are a high profile (0.21λ and 0.1λ). Although [16] proposed a singlelayer coupling feeding structure without any air gaps, the final bandwidth is only 8%. Etching slots on the radiation patches also have a significant influence on the bandwidth of DMPAs. U-shaped and linear slots are often used in patch antennas [17] - [19] , however, after the slots are etched, the original field distribution will be affected, and the radiation character of the slot modes also need to be consistent with the original ones, so the design flexibility is severely restricted.
In summary, most of the bandwidth expansion technologies mentioned above had introduced air gaps ( [5] , [18] , [19] , [9] - [15] ), resulting in multilayered structures which increased the profile, complexity, and cost of the antenna. Although the single-layer antennas have overcome the adverse effects of the multilayered structure ([6]- [8] , [16] , [17] ), the bandwidths except [6] are relatively narrow. Note that the bandwidth of the antenna in [6] is 27.3%, but the profile is 0.073 λ, which is much higher than the others. Besides, while the frequency band is expanded, the radiation uniformity and low cross-polarization characteristics of the antenna still need to be guaranteed. Thus, it is quite challenging to achieve a bandwidth of over 25% at a profile of 0.051λ without the aid of any air gaps. This paper presents a wideband DMPA with a single-layer substrate. To the best of our knowledge, the bandwidth of the proposed DMAP is the broadest one among the singlelayer DMPAs with the profile less than 0.06λ. For this purpose, the single-layer capacitive coupling feeding structure is applied, which introduce a λ/4 resonant mode at the low side of the band. Then, a pair of parasitic patches is loaded along DMPA. Thus, not only a parasitic mode is introduced to expand high-frequency band, but also a radiation null in broadside is formed at bandwidth edge, which reduces interference. In order not to affect the radiation characteristics of the antenna, the complementary split-ring resonators (CSRR) are etched beneath the feeding lines, which greatly expanded the low-frequency bandwidth. As far as we know, this is the first time CSRR has been used to expand the impedance bandwidth of DMPAs. Finally, the operating bandwidth of the antenna has been significantly increased while maintaining the uniformity of the radiation patterns and a low profile without any air gaps.
II. STRUCTURE AND PRINCIPLE OF THE PROPOSED ANTENNA
In this section, our primary purpose is to illustrate the structure and principle of the proposed DMPA. A Teflon substrate with relative permittivity 2.65 and a thickness of 2.5 mm is chosen for fabrication convenience. The loss tangent is less than 0.001 at the operation band. The overall structure is shown in Fig. 1 . The feeding structure in [16] is introduced in our design. As shown in Fig. 1(c) , there is a pair of λ/4 resonators at the end of the transmission line, and a shorting pin is set at the center of resonators. Then, the signal is coupled to the radiating patches through the coupling gap between the λ/4 resonators and patches shown in Fig. 2 . It can be seen from Fig. 2 that the direction of the electric field is along the y-axis and is also y-axis symmetric on the λ/4 resonator, meanwhile the direction of the magnetic field pointing along the x-direction between the patch and the ground. The non-radiative mode of the λ/4 resonators and the dominant mode of the patch are adjusted closed to each other to form a wideband performance. As shown in Fig. 1(a) , the center patches are filleted for impedance matching. On the one hand, a pair of rectangular parasitic patches is placed on both sides of the center patch. On the other hand, a pair of CSRR is etched underneath the feeding lines in Fig. 1(b) . The simulation results in the following are obtained by using HFSS 15.0.
A. COUPLING FEEDING STRUCTURE
This coupling feeding structure has several outstanding advantages: based on the single-layer structure, not only the bandwidth is extended to 2.7 times that of the traditional patch antenna, but also the original field distributions have not changed. Meanwhile, the harmonic radiations are effectively suppressed. Due to its symmetrical structure, it is quite suitable for differential-fed applications.
The resonant frequency of the λ/4 resonators (f 0 ) can be calculated as [16] 
where ε rr is the effective permittivity for the λ/4 resonator. The width of the coupling gap (df) and the length of the λ/4 resonator (lr) have a significant influence on the performance of the antenna. Therefore, in this paper, the frequency of the λ/4 resonator is set to be lower than the center patch first, and then the width of the coupling gap is further adjusted to integrate these two bands into one.
B. PARASITIC PATCHES LOADING
New radiative modes could be generated by co-planarly loading parasitic patches while maintaining the low profile of the antenna. In order to ensure the uniformity of radiation patterns, a pair of rectangular parasitic patches is loaded. The resonant frequency is primarily determined by the length lt of the patch based on cavity model, and the impedance is matched by adjusting both width wt of the parasitic patch and the distance dp from the center patch. In this design, the resonant frequency of the parasitic patches is designed to be higher than the center patch. The simplified equivalent circuit of the parasitic patch section is shown in Fig. 3 . The coupling gap is equivalent to a series LC resonator and a transmission line phase shifter. In order to verify this model, electric field distributions of the proposed antenna at several frequencies are given in Fig. 4 . The resonant frequency of the series LC resonator is adjusted to the edge of the high-frequency band. When the DMPA operates inside the operation band, the phase of the coupled electric field of parasitic patches coincides with the center patches. As shown in Fig. 4(a) , the phase of the equivalent magnetic currents on each patch are the same. Thus the broadside gain is enhanced. At the resonant frequency of the LC resonator, the coupled signal cannot be transmitted, and there is almost no coupled filed on the parasitic patches shown in Fig. 4(b) . Moreover, as shown in Fig. 4(c) , the phase of the coupled electric field is reversed outside the operating band. Fig. 5 shows the odd mode reflection coefficient (|S dd11 |) [20] and the realized gain of the DMPA with parasitic patches loaded and unloaded. Since this is only an intermediate result, these two models have not been further optimized. However, it still can be seen that a new resonant mode in the high side of the band has been added, and the bandwidth has been expanded. Moreover, a radiation null has been formed outside the high-frequency band edge, and the out-of-band gain has also been suppressed.
Besides, a set of shorting pins are placed on the periphery of the parasitic patch which forms a metalized wall shown in Fig. 1(d) . This metalized wall has the property of suppressing surface wave propagation [8] .
C. COMPLEMENTARY SPLIT RING RESONATORS ETCHED
As a narrow band sub-wavelength constituent element, splitring resonator (SRR) is usually used as a frequency notch structure in the passband of ultra-wideband antennas [21] . CSRR is the dual counterpart of SRR, which is the negative image etched on the ground [22] . The stopband characteristic of CSRR can be interpreted as due to the negative effective permittivity along the CSRR loaded transmission line. The resonant frequencies of CSRR and SRR are the same due to duality [23] . The resonance frequency of the SRR (f 1 ) is given by [22] and [24] 
L T = 0.0002l(2.303 log 10 4l ws − 2.853) (4) l = 4lso − gs (5)
where L T and C eq are the equivalent inductance and equivalent capacitance of the SRR; l and C pul are the length of metallic wires and capacitance per unit length; a avg and ε e are the average dimensions and effective permittivity of the substrate; c 0 = 3 × 10 8 m/s and z 0 = 50 . (The dimension of L T is µH.).
The CSRR structure not only has a stopband characteristic but also has specific influences on the impedance bandwidth of DMPA. Based on the equivalent circuit model proposed in [16] and [23] , a modified model loaded with the CSRRs is applied to further explain the influence on the bandwidth of DMPA as shown in Fig. 5 . The CSRRs can be represented by a resonator of C eq and L T , whose value can be calculated from the formulas (4) and (6) . The coupling effect of the feeding line and the CSRR can be equivalent to a capacitor C C , and the calculation was also given in [23] . For the coupling feeding structure, the equivalent circuit is proposed in [16] and its working mechanism is explained in detail. The shorting pin is represented by an inductance L pin , and the resonator can be modeled by L r and C r . The coupling gap can be represented by a π -type network composed by C s C s1 and C s2 . The microstrip patch antenna can be modeled as a lossy resonator, so the center patch and parasitic patch in this paper are represented by R 1 C 1 L 1 and R 2 C 2 L 2 respectively, whose value can be calculated from [1] . The coupling effect of center patch and parasitic patch is simply modeled by a resonator in Fig. 2 , and it can qualitatively demonstrate the characteristics of the antenna as shown in Fig. 3 . An accurate model with complex-and frequency-dependent J/K inverters is proposed in [25] .
From the perspective of the equivalent circuit, the matching process requires the inductive reactance of the shorting pin to compensate the capacitive reactance introduced by the coupled gap. However, in practical applications, the width of the coupled gap has a significant influence on resonant modes of λ/4 resonators and patches, so it cannot be adjusted freely. Cascading of CSRRs complements the matching process: under the premise of maintaining the radiation characteristics of DMPA, the mismatched reactance caused by the pre-stage structure can be further compensated by the reactance portion of the CSRR structure.
In order to verify our theory, a set of control experiments is proposed. Fig. 7(a) and Fig. 7(b) show the input impedance of the antenna with and without CSRR slots etched, respectively. The case where the CSRRs are not etched is discussed first. Two resonant modes can be seen clearly in the impedance curve, which are λ/4 resonant mode and the dominant mode of the center patch. At the edge of the low-frequency band, taking 5 GHz as an example, the real part of the impedance drops rapidly and approaches zero. More seriously, a massive magnitude of the inductive part is emerging. In comparison, after the CSRR slots are etched, the input impedance at low band edge is effectively improved with little influence on other bands. On the one hand, at 5 GHz, the real part of the impedance is raised. On the other hand, compared with the previous case, the inductive reactance, in this case, is also compensated. In summary, the resonant frequency of the CSRRs is set below the resonant frequency of the λ/4 resonators first. In order to achieve maximum operating bandwidth, we iteratively optimized these four resonant modes. The bandwidth and broadside gain of the proposed DMPA with and without CSRR slots etched are given in Fig. 8 . It can be seen that, after the CSRRs are etched, the low-frequency bandwidth is effectively expanded, and a steep falling edge of the oddmode reflection coefficient is observed. Additionally, a notch point of antenna gain outside the low-frequency band edge is formed.
III. DESIGN GUIDELINES AND PARAMETRIC STUDY A. DESIGN GUIDELINES
According to the theoretical analyses and simulation results above, a wideband DMPA could be obtained by moving λ/4 resonant mode, dominant mode and parasitic patch mode proximity to each other. The evolution design process of the proposed single-layer wideband DMPA is represented. Fig. 9 shows the input impedance of the proposed antenna in four stages.
1) The impedance of a side-feed DMPA is given first in Fig. 9(a) , and there is only one resonant mode can be found, which is the dominant mode of the patches. (c) DMPA with coupling feeding structure and parasitic patches loaded. (d) DMPA with coupling feeding structure, parasitic patches loaded and SRR slots etched.
2) By changing the feeding structure, the dominant mode of the DMPA shifts to the higher frequency, and the λ/4 resonant mode is introduced at 5.79 GHz in Fig. 9(b) .
3) In Fig. 9(c) , a pair of parasitic patches is loaded along the non-radiative sides of center patches which not only introduces a new higher radiation mode but also affects the field distribution of center patch as analyzed in Fig. 4 . Besides, the resonant frequency of the center patch is slightly shifted to 7.1 GHz. 4) A pair of CSRRs is etched on the ground beneath the microstrip feeding lines to expand the low-frequency bandwidth further. After that, the DMPA is iteratively optimized, and the final input impedance of the proposed antenna is shown in Fig. 9(c) . Fig. 10 shows the odd mode reflection coefficient of the proposed DMPA as a function of frequency under three different lr. It can be observed that the lr has a significant influence on the impedance bandwidth. When the value is increased, the resonant frequencies of the λ/4 resonator and the dominant mode of the patch will deviate from each other. Similarly, the dominant mode and parasitic mode will deviate from each other as lr is reduced. Therefore, the value of lr needs to be optimized so that three modes are in the same band while maximizing the bandwidth of the antenna.
B. EFFECTS OF LENGTH LR

C. EFFECTS OF GAP WIDTH DP
The value of dp mainly controls the coupling strength between parasitic patches and center patch. Meanwhile, it directly reflects the wave-path of the signal during the coupling process. The curves of center patch resonant frequency (f d ), the parasitic patch resonant frequency (f p ), and the radiation null frequency (f u ) as a function of dp are given in Fig. 11 . It can be seen in Fig. 11 that the parasitic patch has less influence on the resonant mode of the center patch when it is far away from the center patch. As the distance between the patches is reduced, the resonant frequency of the center patch is shifted to the lower band. Then parasitic patch mode is excited when dp is about 8mm, and the resonant frequency is further increased with the continuous reduction of dp. The resonant frequency of radiation null is roughly inversely proportional to dp. In summary, the value of dp needs to be optimized in order to excite the radiation mode of the parasitic patch while maximizing the bandwidth as much as possible. Besides, the radiation null should be moved beyond the high-frequency band edge. 
IV. RESULTS AND DISCUSSION
In order to verify the authenticity of the design, the antenna shown in Fig. 1 is fabricated and measured. The photograph of the fabricated antenna is given in Fig. 12 . The odd-mode reflection coefficient of the antenna is measured by Anritsu's MS46322A, whereas the pattern and gain are measured by the far-field antenna test system. Fig. 13 shows, respectively, the measured and simulated odd-mode reflection coefficient and broadside gain of the proposed antenna. The measured impedance band of the antenna is about 26.7% ranging from 5.35 GHz to 7 GHz. It can be seen from Fig. 13 that although the operating band of the antenna is shifted by about 3% to the high frequency, the overall trend is still consistent with the simulation result. The deviation between the measured and the simulated results are mainly caused by the discontinuity of the dielectric substrate. A 2.5mm dielectric substrate may be bonded by multiple layers of thinner substrates which depends on the process accuracy of the supplier. Thus, air gaps may be introduced between the layers due to poor adhesion. In order to verify our assumption, we added an air gap layer with a thickness of 0.15mm in the simulation model of HFSS. The simulation results in Fig. 14 confirm our assumption and the overall operating bandwidth of the antenna shifts to high frequencies.
Since the distribution of the actual air gaps is random, our model cannot fully simulate the actual situation, but it is still sufficient to prove that the deviation is mainly caused by the unreliable adhesion. Also, the processing error is also one of the factors. Fig. 14 shows the measured and simulated radiation pattern. The co-polarization patterns are in good agreement with the simulation. Meanwhile, the cross-polarization patterns are below −20 dB. The measured broadside gain of the antenna is in good agreement with the simulation one, and there are two notch points at the edge of the operation band.
Comparison of the proposed antenna with some formal works is presented in Table 1 . In Table 1 , λ is the free space wavelength at the center operating frequency. Our design dramatically increases the operating bandwidth of the antenna while keeping a low profile. Moreover, the use of a single-layer substrate avoids the introduction of air gaps and maintains a compact structure. It can be found in Table 1 that, the bandwidth of the antenna [15] is the widest, whereas its profile is the second highest (0.11 λ). The bandwidth of the single-layer antenna [6] is 27.3%, which is only 0.6% wider than our design, but its profile height is 1.43 times higher than our design. Therefore, compared with the works mentioned above, our presented antenna is exceptionally competitive with wideband performance and the low-profile structure.
V. CONCLUSION
In this paper, a low-profile differential-fed wideband microstrip patch antenna in a single-layer substrate is proposed. First, the principle of the broadband technology of microstrip antennas is analyzed. A novel coupling feeding structure is used in our design and successfully introduces a non-radiative resonant mode for bandwidth expansion. A pair of parasitic patches is placed along the non-radiative edges of the center patch to extend the high-frequency bandwidth by introducing parasitic modes. Besides, the notch characteristic in broadside outside the high band edge has been explored in detail. In order to further expand the lowfrequency bandwidth, we have thoroughly analyzed the resonant frequency of CSRR and its effects on the impedance bandwidth. Moreover, the bandwidth of the proposed antenna is successfully expanded. The impedance bandwidth of the presented antenna is about 26.7%, and the cross-polarization is below −20dB. The overall profile is 0.051 free-space wavelength at the center frequency. The realized broadside gain is from 7.7 dBi to 10.6 dBi.
